We present measurements performed in a spherical shell filled with liquid sodium, where a 74 mmradius inner sphere is rotated while a 210 mm-radius outer sphere is at rest. The inner sphere holds a dipolar magnetic field and acts as a magnetic propeller when rotated. In this experimental set-up 
I. INTRODUCTION
coupling between liquid sodium and copper has become unimpaired. Furthermore, the DT S 108 experiment has been equipped with a host of new measurement tools. The flow amplitude 109 is measured along 7 different beams using Doppler velocimetry. Assuming axisymmetry, we 110 have thus been able to map the azimuthal flow in most of the fluid. It turns out that the 111 electric potential differences evolve monotonically with the inner core rotation but cannot 112 be interpreted directly as a measure of the velocity below the outer viscous boundary layer.
113
We have also entered a probe inside the cavity to measure the induced magnetic field in with the distance to the axis differs nevertheless from the case of a rotating outer sphere as 119 recirculation in the outer Ekman layer plays an important role in the latter case.
120
The organisation of the paper is as follows. In section II, we describe the experimental set-121 up and the techniques that we use to measure the magnetic, electric and velocity fields; we 122 illustrate them with a discussion of a typical experimental run. In section III, we present the 123 governing equations and the relevant dimensionless numbers of the experiment. We devote 124 one section of the article to the observation of differential rotation and another one to the 125 meridional circulation. Then, the experimental measurements are compared to numerical 126 simulations of DT S. We summarize and discuss the results of our study in section VII. expansion tank for sodium, K: thermostated chamber. The total height of the set-up is 3.9 m.
127

II. THE DT S EXPERIMENT
As shown in FIG. 1 , liquid sodium is contained in a spherical shell between an outer 132 sphere and an inner sphere. The radius of the outer sphere is a = 210 mm and that of the 133 inner sphere b = 74 mm. The outer sphere is made of stainless steel and is 5 mm thick.
134
The copper inner sphere (FIG. 2 and FIG. 3) contains magnetized Rare-Earth cobalt bricks 135 assembled such that the resulting permanent magnetic field is very close to an axial dipole 136 of moment intensity 700 Am 2 , with its axis of symmetry aligned with the axis of rotation.
137
The magnetic field points upward along the rotation axis and its magnitude ranges from 345 138 mT at the poles of the inner sphere down to 8 mT at the equator of the outer sphere.
139
Sodium is kept most of the time in the reservoir at the bottom of the set-up. When The central part of the experiment is air-conditioned in a chamber maintained at around
147
130℃ during experiments: four 1 kW infrared radiants disposed around the outer sphere 148 heat the chamber, whereas cold air pumped from outside cools the set-up when necessary.
149
Liquid sodium is therefore usually kept some 30℃ above its melting temperature during 150 experiments. Some physical properties of sodium relevant to our study are listed in The whole volume containing sodium, from the reservoir tank up to the expansion tank is 152 kept under Argon pressure at all times in order to limit oxidization of sodium.
153
The rotation of the inner sphere, between f = −30 processing is internal to the DOP2000 apparatus (http://www.signal-processing.com,
175
Signal Processing company, Lausanne, Switzerland). 
195
The spatial resolution of the velocity profiles is about 1 mm, and the velocity resolution is 196 about 0.5%, or better for the aliased profiles.
197
We have measured both the radial and oblique components of velocity in the bulk of the We use UDV measurements to confirm the strong magnetic coupling between the inner 
242
Denoting E the electric field, we introduce the electric potential V through E = −∇V ,
243
which is valid in a steady state. Then, the electric potential measurements are analysed using Ohm's law for a moving conductor, j = σ (u × B + E) where σ is the electric conductivity, by u ϕ , the azimuthal fluid velocity:
where ∆θ = 10
• is the angle between two electrodes. However, we shall question below the 252 assumption on the smallness of j θ , referred to as the frozen flux hypothesis. A complete set of measurements performed during a typical experiment is analyzed below.
261
The run was chosen to illustrate the various measurements but also to depict how the 
III. GOVERNING EQUATIONS
A spherical shell of inner radius b and outer radius a is immersed in an axisymmetric dipolar magnetic field B d :
where (r, θ, ϕ) are spherical coordinates. The outer boundary is kept at rest and the inner 313 sphere rotates with the constant angular velocity Ω = 2πf along the same axis as the dipole 314 field that it carries. We assume that the electrically conducting fluid filling the cavity is 315 homogeneous, incompressible and isothermal. We further assume that the flow inside the 316 cavity is steady.
317
The inner body consists of a magnetized innermost core enclosed in an electrically con- 
where p is a modified pressure. The notation Λ refers to the Elsasser number, classically 
330
The set of equations (2-5), where the non linear terms are neglected, was the subject In this section, we use the UDV records to delve into the geometry of isorotation surfaces. is no induced magnetic field and that, as a consequence, the magnetic force is exactly zero.
363
More precisely, deviations from this law lead to the induction of a magnetic field, which 364 produces a magnetic force that tends to oppose this induction process. Writing u = u 0 + u 1 ,
365
where u 0 obeys the equation (7), we obtain b ≈ u 1 from (5). Then, the momentum equation the value of Λ largely defines the geometry of isorotation surfaces.
391
In the geostrophic region, magnetic stress integrated on the geostrophic cylinders remains 392 strong enough to overcome the viscous friction at the outer boundary and to impart a rapid 393 rotation to the fluid but becomes weaker than the Reynolds stress (which can be represented 394 as a Coriolis force). As a result, the fluid angular velocity is still of the order of the angular 395 velocity of the inner sphere and the velocities are predominantly geostrophic.
396
B. Inversion of velocity profiles
397
Flow velocity is constrained by its projection on the several ultrasonic rays that we 398 shoot. We invert the Doppler velocity profiles for the large scale mean flow, assuming that 399 the steady part of the flow is symmetric about the axis of rotation and with respect to the 400 equatorial plane. A poloidal/toroidal decomposition, boundaries, in order to account for the presence of thin unresolved boundary layers.
407
Azimuthal velocities are more than 10 times larger than the poloidal (i.e. meridional)
408
velocities. Nevertheless, the latter projects onto the ultrasound rays. We take the difference The drop in velocity just above the inner sphere is constrained by profiles 4 (green) and 6
425
(cyan), but its vertical extent is not.
426
C. f f luid deduced from differences in electric potential and from UDV portionality factor increasing from the equator toward the poles due in particular to the increase of B r in formula (1). We show however in the present study that measuring the 431 electric potential does not yield a reliable indicator of the angular velocity f * using formula
432
(1). In FIG. 12 
447
The poloidal velocity scalar u P of equation (8) 
The radial u r and orthoradial u θ components of velocity are then obtained as:
The functions u which is almost 50 times smaller than azimuthal velocities.
468
VI. COMPARISON WITH NUMERICAL SIMULATIONS
469
Two previous numerical studies are particularly relevant to our work. Hollerbach et al. It is not possible to simulate the Reynolds number of the experiment, which is about 10 6 .
509
For the experimental range of Λ, steady solutions are obtained with Re ∼ 10 3 . of steady solutions.
527
We have checked that the thickness of the outer boundary layer in the numerical solution 
599
The experiments also display a clear violation to Ferraro's law: quite low angular velocities 600 are observed just above the inner sphere, where the magnetic field is strongest ( see FIG. 11 ).
601
We suspect that this is due to the presence of sodium at rest at the top and bottom of the 
604
We could follow the evolution of induced magnetic field, electric potentials and power 
636
Guided by the numerical model, we find that electric field measurements are difficult to 637 interpret, particularly in the equatorial region where the radial magnetic field B r vanishes.
638
The frozen-flux approximation (1) holds when there is a mechanism that keeps under control where the magnetic force is dominating. In the DT S experiment, it corresponds to the 643 inner region close to the magnet where Λ ≥ 1.
644
In a geophysical context, a similar approach is routinely used [57] The DT S project has been supported by Fonds National de la Science, Agence Nationale by Christian Chillet. We thank two anonymous referees for useful comments. 
679
Assuming now that the mean meridional velocity is axisymmetric and using projections, 
